ABSTRACT. All trans retinoic acid (ATRA), a differentiation inducer for human myeloid NB4 cells, induced accumulation of lipid droplet as determined by positivity of Nile Red and Oil Red O in this cell line. Granulocyte colony-stimulating factor (G-CSF), although not having detectable effect by itself, exerted the additive effects on lipid droplet formation in NB4 cells when combined with ATRA. mRNA analysis for peroxisome proliferatoractivated receptors (PPARs) revealed the initial transient downregulation followed by upregulation of the transcript for PPARg2, a master molecule for adipogenesis, and upregulation of PPARa. BADGE, a synthetic antagonist for PPARg, potently inhibited lipid droplet formation in NB4 cells stimulated by ATRA and/or G-CSF, but not the functional differentiation of the cells by ATRA and/or G-CSF. These results suggest that ATRA and G-CSF induce lipid droplet formation via certain PPARg-mediated specific mechanisms in human myeloid NB4 cells during functional differentiation.
Myeloid differentiation of hematopoietic cells is a multistep process that is essential for the production of normal white blood cells (Metcalf et al., 1991) . Physiological regulation of normal myelopoiesis appears to be conducted at least in part via hematopoietic growth factors such as granulocyte colony-stimulating factor (G-CSF) (Metcalf et al., 1991; Spyridonidis et al., 1996) . There also exists another type of myeloid differentiation, namely differentiation induction of the leukemic cells by the differentiation inducers such as all trans retinoic acid (ATRA) (Bruserud and Gjertsen, 2000; Martin et al., 1990) . It is conceivable that the latter type of myeloid differentiation plays significant roles in normal myelopoiesis as well, since mice deficient for retinoic acid receptors showed several serious defects in myeloid differentiation (Labrecque et al., 1998) .
Functional differentiation of hematopoietic myeloid cells is characterized by several differentiation-specific markers such as upregulation of myelocytic enzymes, acquisition of myeloid effector functions and cell surface expression of functional molecules (Lübbert et al., 1991; Okuma et al., 2002; Saeki et al., 2003; Yuo, 2001) . It is well known that the respiratory burst activity (superoxide-producing capacity) is one of the most important functional parameters of myeloid differentiation (Okuma et al., 2002; Saeki et al., 2003; Yuo, 2001) .
In addition to such functional differentiation, myeloid cells often play an important role in lipid metabolism and atherosclerosis (Li and Glass, 2002) . In fact, lipid droplet formation in human myeloid cells has been reported by several groups of investigators (Bozza et al., 1996; Lutas and Zucker-Franklin, 1977; Miyauchi et al., 1997) , although its mechanism is poorly understood. Recent advances in the molecular mechanisms of adipogenesis clarified the central role of peroxisome proliferator-activated receptors (PPARs), particularly PPARg, during the differentiation of adipocytes (Kersten et al., 2000; Mueller et al., 2002; Ren et al., 2002) , though the possible roles of PPARs in lipid metabolism and differentiation of myeloid cells are still largely unknown.
In the present study, we used human myeloid cell line NB4 to study the effects of ATRA and G-CSF on lipid accumulation and differentiation of this cell line. ATRA, a differentiation inducer, is also a physiological agent related to vitamin A and a naturally occurring substance acting via specific nuclear transcriptional receptors (James et al., 1999; Labrecque et al., 1998) . In addition, both ATRA and G-CSF are of great importance in the clinical setting, since both agents are utilized in patients with hematological diseases including acute promyelocytic leukemia (Bruserud and Gjertsen, 2000; Usuki et al., 1996) . The present results clearly showed that lipid droplet formation occurring during in vitro differentiation of these cells was induced by physiological substances, and imply that PPARg plays an important and specific role in lipid accumulation but not functional differentiation.
Materials and Methods

Reagents
Highly purified recombinant human G-CSF produced by Escherichia coli was provided by Kirin Brewery Co., Ltd., Tokyo, Japan. ATRA and N-formyl-methionyl-leucyl-phenylalanine (FMLP) were purchased from Sigma Chemical Co., St. Louis, MO, USA; RPMI 1640 medium was from Gibco Laboratories, Grand Island, NY, USA; fetal bovine serum from JRH Bioscience, Lenexa, KS, USA; Nile Red from Molecular Probe Inc., Eugene, OR, USA; Oil Red O from Mutoh Pure Chemical, Tokyo, Japan; RNeasy mini kit from QIAGEN, Valencia, CA, USA; Super Script II Transcriptase from Invitrogen, Carlsbad, CA, USA; Ex Taq polymerase from Takara Bio Inc., Shiga, Japan; bisphenol A diglycidyl ether (BADGE) from Cayman Chemical Co., Ann Arbor, MI, USA. Other reagents for the cell culture, flow cytometric analysis and determination of superoxide release were purchased from Sigma.
Cell culture NB4 cells were grown in RPMI 1640 medium supplemented with 10% heat-inactivated fetal bovine serum, penicillin (100 U/ml) and streptomycin (100 mg/ml). For induction of differentiation, NB4 cells were seeded in a 6-well plate at 2×10 4 cells/ml and grown in the presence or absence of 1 mM ATRA and/or 50 ng/ml G-CSF.
Flow cytometric analysis for lipid
Determination of lipid droplets was performed by flow cytometric analysis as described (Greenspan et al., 1985) . Cells were incubated for 2 min at room temperature in phosphate-buffered saline (PBS) with 100 ng/ml Nile Red. Single-color analysis was performed using a FACS Calibur (Nippon Becton Dickinson Co., Tokyo, Japan), and the results were analyzed by the Cell Quest (Nippon Becton Dickinson Co.). In some experiments, Nile Red positivity was quantified by measuring the geometrical mean fluorescence intensity for each sample.
Microscopical evaluation of lipid droplet in the cells
Light microscopic examination of lipid droplet was performed using Oil Red O according to the manufacturers recommendation. Cells were suspended in PBS containing Oil Red O for 1 hr at room temperature. After washing twice with PBS, cell suspensions were dropped on to slide glasses and the lipid droplets in the cells were observed under an inverted light microscope.
Reverse transcription-polymerase chain reaction (RT-PCR)
Total RNA was obtained from NB4 cells using RNeasy mini kit. The first strand cDNA was synthesized from 1 mg of total RNA using the Super Script II Transcriptase. For the polymerase chain reaction (PCR) assay, 1 ml of cDNA was used in a total volume of 50 ml containing 1´ reaction buffer, 0.2 mM dNTPs, 20 pmol of each primer, and 0.25 U E´ Taq polymerase. PCR was performed in GeneAmp PCR system 9700 (Applied Biosystems) with the following temperature profile: denaturation at 95°C, primer annealing at 55°C, and primer extension at 72°C, each for 30 sec. After an initial denaturation (95°C, 5 min), the cycle was repeated 30 times, followed by a final extension step of 7 minutes at 72°C. Primer was originally designed from specific sequence in each molecule; PPARa, the sense primer (5'-TCCTGCAAGAAATGGGAAAC-3') and antisense primer (5'-GTTGTGTGACATCCCGACAG-3'); PPARb, the sense primer (5'-ACTGAGTTCGCCAAGAGCT-3') and antisense primer (5'-GGAAGAGGTACTGGGCATCA-3'); PPARg, the sense primer (5'-GCGATTCCTTCACTGATAC-3') and antisense primer (5'-CGACATTCAATTGCCATGAG-3'); PPARg2, the sense primer (5'-GCGATTCCTTCACTGATAC-3') and antisense primer (5'-CGACATTCAATTGCCATGAG-3'); cyclophilin, the sense primer (5'-TTCATCTGCACTGCCAAGAC-3') and antisense primer (5'-TCGAGTTGTCCACAGTCAGC-3'). The product was separated by 2% agarose gel electrophoresis and the DNA was visualized by ethidium bromide.
Quantitative real time PCR
Total RNA and cDNA were generated as described above in RT-PCR. SYBR Green I-based real time PCR analysis of PPARa and PPARg2 transcripts was performed using iCycler iQ real time PCR analysis system and iQ SYBR Green Supermix as described previously (Wensky et al., 2001.) . PCR was performed with the following temperature profile: denaturation at 95°C, primer annealing at 60°C, and primer extension at 72°C, each for 30 sec. After an initial denaturation (95°C, 5 min), the cycle was repeated 50 times, followed by a final extension step of 5 min at 72°C. The primers used for real time PCR are as described above. The relative amounts of PPARa and PPARg2 transcripts were normalized to the amount of cyclophilin transcript in the same cDNA.
Determination of superoxide release
Superoxide was assayed by superoxide dismutase-inhibitable reduction of ferricytochrome C, and a continuous assay was performed by a double-wavelength spectrophotometer (Hitachi 556 spectrophotometer, Hitachi Ltd., Tokyo, Japan), equipped with a thermostat-mounted cuvette holder (37°C), as described (Okuma et al., 2002) . The reduction of cytochrome C was measured at 550 nm with a reference wavelength at 540 nm, and the time course of cytochrome C reduction (absorbance change at 550-540 nm) was followed on the recorder. The amount of superoxide release was calculated from cytochrome C reduced for 5 min after the addition of FMLP.
Statistical analysis
Student's t-test was used to determine statistical significance.
Results
Lipid accumulation during differentiation of human promyelocytic NB4 cells
It is well known that human promyelocytic NB4 cells undergo differentiation in the presence of ATRA, and that G-CSF, while alone having minimal effects on this cell line, could have additional differentiation-inducing effect in concert with ATRA (Inazawa et al., 2003) . In the initial experiment, we evaluated the effects of the optimal concentration of ATRA (1 mM) alone and the optimal concentration of ATRA plus the optimal concentration of G-CSF (50 ng/ml) on the lipid droplet formation of NB4 cells during the 3 days of cultivation, as determined by flow cytometric analysis using Nile Red as an indicator.
As shown in Fig. 1 , ATRA by itself had significant ability to induce lipid droplet formation in NB4 cells during 3 days of cultivation. At day 3 of culture, G-CSF apparently exerted additional enhancing effect on lipid droplet formation in the cells as compared with the culture with ATRA alone. These effects of ATRA and G-CSF were confirmed by using another method to detect lipid droplets, i.e., microscopical examination of lipid droplet using Oil Red O, another indicator of lipid (Fig. 2) . G-CSF alone did not exert a detectable effect.
Thus, ATRA induced a potent effect on lipid droplet formation in human myeloid NB4 cells, and G-CSF had an enhancing effect on lipid droplet formation by ATRA.
Changes in mRNA of PPARg2 during differentiation of NB4 cells
PPARs are known to play important roles in cellular differentiation and/or lipid metabolism (Kersten et al., 2000) . To address the question as to whether or not PPARs participate in and contribute to the lipid droplet formation in NB4 cells stimulated by ATRA and/or G-CSF, we then evaluated the de novo synthesis of PPARs as determined by mRNA of PPARs during differentiation. As shown in Fig. 3A , significant changes were observed in PPARa and PPARg2. ATRA induced upregulation of mRNA of PPARa, to which and G-CSF exerted an additive effect. On the other hand, ATRA induced initial transient downregulation of mRNA of PPARg2 followed by its potent upregulation. G-CSF accelerated the upregulation of PPARg2 transcript.
To evaluate these changes more quantitatively, real time PCR was performed for transcripts of PPARa and PPARg2. Results for PPAR confirmed the upregulation of mRNA of PPARa and the additive effect of G-CSF on this (Fig. 3B) . Results for PPARg2 also confirmed both the initial transient downregulation and delayed upregulation of PPARg2 mRNA by ATRA and the potent enhancing effect of G-CSF on PPARg2 mRNA (Fig. 3C) .
Inhibition of lipid droplet formation by antagonist of PPARg
Data in Fig. 3 clearly indicate significant transcriptional change in PPARg during differentiation of NB4 cells. To consider the roles of PPARg2 during lipid metabolism in adipocytes (Mueller et al., 2002; Ren et al., 2002) , we then investigated the roles of PPARg for lipid droplet formation in human myeloid cells using a synthetic inhibitor of PPARg.
As shown in Fig. 4 , the incremental lipid droplet formation induced by ATRA and ATRA plus G-CSF was potently inhibited by BADGE, a synthetic antagonist of PPARg (Wright et al., 2000) , in a dose-dependent manner, and 10-20 mM BADGE almost completely abolished lipid accumulation to the control level. These concentrations of BADGE were equivalent to or slightly lower than the effective concentrations of BADGE reported (Wright et al., 2000) , and did not exert cytotoxic effects on NB4 cells (data not shown).
To rule out the non-specific effects of BADGE and to evaluate the effects of BADGE on differentiation process Fig. 2 . Effects of ATRA and G-CSF on lipid droplet formation in NB4 cells as determined by Oil Red O. NB4 cells were cultured with medium alone, 1 mM ATRA, 50 ng/ml G-CSF or 1 mM ATRA plus 50 ng/ml G-CSF for 3 days at 37°C. Lipid droplet formation in NB4 cells was determined under the inverted microscope using Oil Red O as an indicator.
itself, we then studied the effects of BADGE on the superoxide-producing capacity, an established functional marker of myeloid differentiation (Okuma et al., 2002; Saeki et al., 2003; Yuo, 2001) , in NB4 cells. As shown in Fig. 5 , 20 mM BADGE, sufficient to abolish lipid droplet formation, had no effect on the acquisition of the superoxide-producing capacity of NB4 cells induced by ATRA alone and ATRA plus G-CSF.
These results suggest significant and specific roles of PPARg2 during lipid accumulation in NB4 cells induced by ATRA and/or G-CSF.
Discussion
The present results indicate that ATRA, a differentiation inducer, is capable of inducing lipid droplet formation in human myelocytic cell line, and that G-CSF, a physiological hematopoietic factor, enhances this effect of ATRA. Taken together with our previous observations on the additive effects of ATRA and G-CSF on the functional differentiation of human myeloid cells (Inazawa et al., 2003) , these two distinct types of stimuli act in concert on myeloid cells.
PPARs are closely related nuclear receptors which have been reported to play critical roles in normal physiology and human diseases (Kersten et al., 2000; Lazar, 2001) . The three isotypes of PPARs, namely PPARa, PPARb and PPARg, and their subtypes have been reported to be distributed in cells in a specific manner and to play specific roles in cells where their receptors are expressed (Kersten et al., 2000) . Among them, PPARg has intensively been studied (Mueller et al., 2002; Ren et al., 2002) because of its potential role in well-known human diseases such as diabetes and atherosclerosis (Kersten et al., 2000) . In this study, we found that the transcripts of PPARg2, a more major isotype of PPARg in lipogenesis (Mueller et al., 2002; Ren et al., 2002) , are modulated by ATRA and/or G-CSF in human myelocytic cells, suggesting that PPARg2 is important also in lipid metabolism of hematopoietic cells. In addition, we also showed that a synthetic antagonist of PPARg potently inhibited lipid droplet formation in these cells (Fig. 4) .
As shown in Fig. 5 , a synthetic antagonist of PPARg did not inhibit acquisition of superoxide-producing capacity of NB4 cells induced by ATRA and/or G-CSF under the condition which this inhibitor almost completely abolished lipid droplet formation in these cells. This finding indicates the highly specific involvement of PPARg limited to lipid metabolism during differentiation of human myeloid cells, and in addition supports the specific effects of this inhibitor. We concluded that PPARg specifically plays a role in lipogenesis but not in differentiation itself at least in human NB4 cells.
In this study, we also found that ATRA and G-CSF exerted a significant enhancing effect on PPARa transcription during in vitro differentiation of human myeloid cells. In view of the important roles of PPARa during adipogenesis and also inflammation (Kersten et al., 2000) , it is conjectured that the upregulation of this receptor might play certain roles during differentiation and lipid metabolism of human myeloid cells stimulated by ATRA and/or G-CSF.
The possible significance of lipid droplet formation in Fig. 3 . Effects of ATRA and G-CSF on mRNA expression of peroxisome proliferator-activated receptors (PPARs) in NB4 cells. NB4 cells were cultured with medium alone, 1 mM ATRA, 50 ng/ml G-CSF or 1 mM ATRA plus 50 ng/ml G-CSF for 1 to 3 days at 37°C. A. Determination of mRNA for PPARa, PPARb, PPARg, PPARg2 and cyclophilin was performed by RT-PCR. B and C. To evaluate the expression of PPARa and PPARg2 more quantitatively, real time PCR was performed using iCycler iQ real time PCR analysis system and iQ SYBR Green Supermix. The bars represent levels of expression of PPARa and PPARg2 normalized to the housekeeping gene cyclophilin and were set arbitrarily at 1 for cells incubated with medium alone.
hematopoietic myeloid cells is not completely known. Granulocytes, monocytes and macrophages are well-known members of myeloid cells (Metcalf et al., 1991) and are called "phagocytes" based upon their ability to eat invading microorganisms (Yuo, 2001) . These phagocytic cells have been reported to play significant roles in lipid metabolism and atherosclerosis (Kersten et al., 2000; Lazar, 2001) .
Although the main player in adipogenesis might be adipocytes, the findings in this study seem to suggest the significant role of myeloid phagocytic cells in lipid metabolism. Large lipid droplets from adipocytes, rich in triacylglycerols, are retained within the cells to serve as a source of fatty acids for mitochondrial and peroxisomal oxidation to produce energy (Brasaemle et al., 1997) . However, almost all other mammalian tissues examined contain small lipid droplets, less well characterized (Atshaves et al., 1998; Murphy and Vance, 1999; Sparrow et al., 1999) . Burns et al. reported that human neutrophils take up much more fatty acid than lymphocytes primarily because they synthesize much larger quantities of triglyceride, a storage form (Burns et al., 1976) . It is postulated that the lipid droplets may represent the storage form for free fatty acids which may be utilized for membrane synthesis during phagocytosis (Elsbach, 1964; Elsbach and Farrow, 1969; Lutas and Zucker-Franklin, 1977) . These theories indicate that the differentiation of immature myeloid cells toward mature phagocytes might be closely associated with lipid droplet accumulation. Further study is necessary to address these problems.
In this study, we found that cytosolic lipid droplets accumulated during differentiation of human myeloid cells when stimulated by a naturally occurring fat-soluble vitamin and/ or a physiological hematopoietic growth factor. The results also suggest the possible involvement of PPARg, a key molecule for lipogenesis (Mueller et al., 2002; Ren et al., 2002) , Fig. 4 . The inhibitory effects of BADGE on lipid droplet formation in NB4 cells cultured with ATRA and G-CSF. NB4 cells were preincubated with or without 5 mM, 10 mM or 20 mM BADGE for 1 day at 37°C and were then cultured with 1 mM ATRA or 1 mM ATRA plus 50 ng/ml G-CSF for 3 days at 37°C. Lipid droplet formation in NB4 cells was measured by flow cytometry using Nile Red as an indicator. Closed and open areas represent non-stained and Nile Red-stained cells, respectively. A: NB4 cells without inhibitor (BADGE) and differentiation inducers (ATRA and G-CSF). B: NB4 cells preincubated with medium alone or with DMSO (a diluent of inhibitor) or with inhibitor for 1 day followed by the differentiation induction for 3 days. Nile Red positivity was quantified by measuring the geometrical mean fluorescence intensity for each sample and shown in parentheses in each panel. during these in vitro phenomena. These phenomena shed new light on the signaling mechanism of hematopoietic differentiation as well as the mechanism of lipogenesis in the cells other than adipocytes. In addition, the possible relationship between anti-inflammatory role of PPARg (Ricote et al., 1999) and lipid metabolism in myeloid cells remains to be clarified.
